Proteins that switch between distinct conformational states are ideal to monitor and control molecular processes within the complexity of biological systems. Inspired by the modular architecture of natural signalling proteins, our group explores generic design strategies for the construction of FRET-based sensor proteins and other protein switches. In the present article, I show that designing FRET sensors based on mutually exclusive domain interactions provides a robust method to engineer sensors with predictable properties and an inherently large change in emission ratio. The modularity of this approach should make it easily transferable to other applications of protein switches in fields ranging from synthetic biology, optogenetics and molecular diagnostics.
Introduction
The availability of robust and generally applicable strategies to construct protein switches is vital for many areas of life sciences, providing essential tools for molecular imaging, synthetic biology and molecular diagnostics [1, 2] . The design of protein switches can be discussed in terms of an input module where molecular recognition takes place, an output module to generate a signal, and a mechanism through which the changes in the input module are translated to changes in the output function ( Figure 1 ). Modular approaches in which the input and output functions are part of separate domains are attractive, because they enable a synthetic biology type of protein engineering in which protein switches are constructed from a toolbox of structurally and functionally well-defined building blocks. Genetically encoded fluorescent sensor proteins that use FRET between donor and acceptor fluorescent domains provide an excellent and very successful example of this modular design approach [3] . The distance-and orientation-dependence of FRET make it an attractive approach to translate conformational changes at an input domain into a change in fluorescence output, irrespective of the receptor domain and the nature of the protein-ligand interaction. An additional advantage of FRET-based fluorescent sensors is that their response is ratiometric, i.e. the ratio of donor and acceptor emission provides a measure of the ligand concentration that is independent of the absolute sensor concentration. This is an important practical benefit when measuring in complex biological samples where the sensor concentration cannot be easily controlled and background fluorescence is always present.
Despite the strong dependence of FRET on the distance and orientation between donor and acceptor domain and the modular architecture of FRET-based sensor proteins, it has proven difficult to translate conformational changes at a receptor domain into changes in emission ratio that are larger than 50% [3] . One of the reasons is that changes in distance are detected with the greatest sensitivity around the Förster distance, which is approximately 50 Å (1 Å = 0.1 nm) for the most common FRET pairs. Since the fluorophores are buried inside the fluorescent domains and the domains are separated by receptor domain(s), energy transfer is relatively inefficient in most sensors, resulting in small changes in FRET. Moreover, flexible linkers of at least a few amino acids are typically required between two domains to allow proper folding of each domain. The conformational flexibility of these linkers strongly attenuates effective translation of conformational changes between domains, however. As a result, the performance of FRET sensors typically depends on subtle conformational effects that are not well understood. The most common approach in the development of FRET sensors has therefore been one of trial and error in which many constructs of various linker lengths, receptor domains and fluorescent domains need to be tested in order to obtain a FRET sensor with a sufficiently large dynamic response [4, 5] . One of the 'tricks' that has been found to affect the performance of FRET sensor proteins is the use of circularly permuted FP (fluorescent protein) domains, but no general correlation seems to exist between the type of circularly permuted protein and its effect on the sensors dynamic range.
Figure 1 Protein switches
Protein switches can be described as consisting of input and output modules. The protein engineering challenge is to ensure that a conformational change in the input module is efficiently translated into a robust change in the output function.
conformations in both the 'on' and the 'off' state. In recent years, our group therefore pursued a different approach in which the input and output domains are arranged in such way that the donor and acceptor fluorescent domains can interact in one state of the sensor, but not in the other state. This approach was inspired by a study of Nguyen and Daugherty [6] who used FACS to evolve variants of CFP and YFP (CyPet and YPet) that, when linked via a flexible caspase recognition sequence, yielded a FRET sensor with a 20-fold increase in ratiometric change upon cleavage by caspase-3. The molecular origin for this spectacular increase in sensor performance initially remained unclear [7] , but we and others subsequently showed that these improved sensor properties were caused by mutations at the protein exterior that promoted the formation of an intramolecular complex between the fluorescent domains [8, 9] . Whereas wild-type ECFP and EYFP do not form an intramolecular complex when connected by a long flexible linker, substitution of a single hydrophilic residue at the GFP dimerization interface (S208F) was sufficient to promote intramolecular association of the two domains, resulting in a large increase in energy transfer [8, 10] (Figure 2A ). The introduction of a second mutation at the dimerization interface, V224L, did not by itself enhance intramolecular interactions between ECFP and EYFP, but induced a further increase in energy transfer efficiency in the presence of the S208F mutation. Cleavage of the linker by a protease resulted in a 16-fold decrease in emission ratio. The absence of any FRET after cleavage of the linker between the FP domains shows that interaction between these self-associating variants of ECFP and EYFP was readily disrupted, and no intermolecular complex was formed at the low micromolar concentrations used in these experiments.
Can self-associating FPs also be used to increase the response of more typical FRET sensors, e.g. those that dependent on a ligand-induced interaction between two input domains? The first system in which we explored this concept was a genetically encoded FRET sensor for Zn 2 + called CALWY. The initial version of this sensor consisted of two small metal-binding domains (Atox1 and WD4) linked via a long flexible linker, with each domain providing two cysteine residues to form a tetrahedral Zn 2 + -binding pocket [11] . Remarkably, the Zn 2 + -induced intramolecular complex formation between Atox1 and WD4 resulted in a decrease in energy transfer. The emission ratio in the unbound state was strongly dependent on the linker length, whereas similar emission ratios were observed for the Zn 2 + -bound state. This behaviour can be readily understood by considering the conformational behaviour of the linker. The distance between the C-terminus of Atox1 and the N-terminus of WD4 in the Zn 2 + -complex is 50 Å . Even for the longest linker, the average end-to-end distance is less than 50 Å , resulting in a predicted net decrease in energy transfer upon formation of the Zn 2 + -bound complex. Since the low amount of FRET in the Zn 2 + -bound state is dictated by the structure of the metal-bound Atox-WD4 complex, we reasoned that the best way to improve the dynamic range of the CALWY sensors would be to promote the interaction of the fluorescent domains in the absence of Zn 2 + . Indeed, introduction of the S208F/V224L mutations on cerulean and citrine (improved variants of ECFP and EYFP) dramatically increased the emission ratio in the absence of Zn 2 + , while still allowing a switch to the low FRET state upon addition of Zn 2 + , corresponding to a 6-fold improvement in dynamic range to 240% [12] ( Figure 2B ). Interestingly, introduction of self-associating mutations in the FPs resulted in a 10-fold decrease in Zn 2 + affinity, which is consistent with a mechanism that requires that the intramolecular interaction ( G 0 of 1.7 kcal/mol; 1 kcal = 4.184 kJ) (L.H. Lindenburg, T. Sips, M. Malisauskas and M. Merkx, unpublished work) between the FPs needs to be broken before ligand binding can occur. Mutation of one of the cysteine residues in the WD4 domain yielded a variant (eCALWY-4) with a 300-fold lower Zn 2 + affinity, but with a similar change in emission ratio. Subsequent shortening of the linker length between the metal-binding domains yielded a series of sensor variants (eCALWY1-6) with Zn 2 + affinities ranging between 2 pM and 5 nM, while all displaying at least a 2-fold change in emission ratio.
More recently, a similar design strategy was used to develop a FRET sensor for bile acids that can be used to monitor bile acid transport in single living cells [13] (Figure 2C ). This BAS (bile acid sensor) contains the LBD (ligand-binding domain) of FXR (farnesoid X receptor), a nuclear receptor that binds bile acids and regulates transcriptional control of bile acid synthesis, import and export. Upon binding bile acid, the FXR-LBD undergoes a conformational change that creates a binding pocket for the characteristic LXXLL motif present in co-activator proteins. In the absence of ligand, self-associating variants of cerulean and citrine form an intramolecular complex, ensuring a high amount of FRET. Bile acid binding induces the formation of a co-activatorbinding site at opposite site of the FXR-LBD, resulting in a conformational switch in which the interaction between the FPs is disrupted to allow the LXXLL peptide motif at the C-terminus of citrine to interact with the LBD. To ensure the proper separation between the FPs in the ligand-bound state, the last nine amino acids of the flexible C-terminal tails of cerulean and citrine were deleted. In vitro titration experiments showed a 2-fold decrease in emission ratio upon titration of a number of different bile acid species and a synthetic agonist. Importantly, the same sensor construct lacking the mutations that promote FP association (Q204F in this case), showed a low level of FRET in the ligand-free state and no significant FRET response upon addition of bile acids. Robust changes in emission ratio were also observed for a range of cell lines and subcellular locations, although in situ the sensor response was reversed and an increase in FRET was observed upon ligand binding, which may result from interactions with endogenous co-activator proteins in a ligand-dependent manner.
The concept of designing FRET sensors based on mutually exclusive domain interactions should be a generic strategy to rationally design FRET sensors, provided that the N-and C-termini of the LBD(s) are sufficiently spatially separated to prevent the fluorescent domains from forming a complex in both the on-and the off-state. The characteristic Y-shape architecture of antibodies with two identical antigen-binding sites separated by a distance of approximately 100 Å is ideal to be used in FRET sensors based on this principle [14] . Antibody-specific FRET sensors have been constructed by fusing self-associating donor and acceptor fluorescent domains together via a long flexible linker that includes two antibody-binding epitopes adjacent to the fluorescent domains ( Figure 2D ). Binding of a single antibody to the two peptide epitopes disrupts the interaction between the two fluorescent domains, resulting in a substantial decrease in energy transfer. In this case, effective bivalent binding was only observed after introduction of two 45 Å α-helical blocks in an otherwise flexible linker, illustrating the importance of proper linker design. Another interesting class of input domains is provided by the so-called 'affinity clamp' proteins developed by Koide and co-workers [15] . Affinity clamps provide an alternative scaffold to antibody (fragments) for the evolution of novel ligand binders. Unlike antibody domains and other ligand-binding proteins which consist of a single rigid scaffold domain, affinity clamps consist of two domains, a PDZ domain and a fibronectin type III domain, linked by a flexible hinge region. Affinity clamps derive their high affinity from their ability to bind a peptide target by forming a complex in which the peptide is sandwiched in between the two domains. The intrinsic conformational rearrangement upon ligand binding in these ligand-binding proteins makes them attractive input domains for switches based on mutually exclusive domain interactions. Functionalization of an affinity clamp for a C-terminal peptide motif with CyPet and YPet yielded a sensor with a 200% decrease in emission ratio, consistent with a model in which an interaction between the two fluorescent domain is sterically incompatible with formation of the peptide complex [16] (Figure 2E ).
The importance of fluorescent domain interactions in other FRET sensors
Whereas the deliberate use of intramolecular domain interactions in FRET sensor design is relatively new, interactions between fluorescent domains may play an important role in the performance of many previously developed FRET sensors. Introduction of the A206K mutation, which suppresses the weak dimerization properties of GFP-derived fluorescent domains [17] , severely attenuated the dynamic range of three highly optimized FRET sensors, suggesting that reversible intramolecular interactions are important to create FRET sensors with a large dynamic range [18, 19] . This phenomenon could also provide a rationale for the sometimes dramatic improvement in dynamic range when using circularly permuted variants of one of the fluorescent domains. Such effects can be explained when the fluorescent domains are constrained in at least one of the two sensor states, for example, because circular permutation allows an interaction between donor and acceptor fluorescent domains that is not possible when using normal fluorescent domains. Kotera et al. [18] also reported that introduction of the S208F/V224L mutations in the same FRET sensors typically also resulted in a decrease in ratiometric change. The latter observation illustrates that successful implementation of self-associating fluorescent domains requires careful consideration of the sensor's architecture.
Future perspectives
The examples discussed above show that designs based on mutually exclusive domain interactions allow the construction of FRET sensors with predictable and robust changes in emission ratio. The modular nature of these switches should, in principle, also allow easy exchange of the fluorescent output domains. One obvious future direction is to expand the palette of self-associating fluorescent domains beyond the classical FRET pair of CFP and YFP derivatives. We recently developed self-associating variants of mOrange and mCherry, an attractive FRET pair to use in combination with existing CFP-YFP-based FRET sensors for multiparameter imaging [20] . Another attractive class of fluorescent output domains are the dimerizationdependent GFP, YPF and RFP that were recently introduced by Campbell and co-workers [21, 22] . These new FPs are non-/weakly fluorescent as monomers, but show a strong increase in fluorescence intensity upon dimerization. Interestingly, the K d values for these protein pairs vary between 10 and 30 μM [21, 22] , which is similar to the interaction strength between self-associating variants of CFP and YFP. Although they have thus far only been used to detect intermolecular protein-protein interactions, their moderate affinities should render them also suitable for use in single-chain sensors based on mutually exclusive interactions. The modular design of these FRET sensors not only allows easy exchange for new fluorescent domains, but, in principle, should also allow one to control other output function such as enzyme activity or ligand binding (Figure 3 ). In general, using mutually exclusive domain interactions represents an attractive strategy to efficiently translate a conformational change in an input domain to different types of output functions, providing a true synthetic biology-type of approach to engineer protein switches for a broad range of applications ranging from intracellular imaging, synthetic biology, optogenetics and molecular diagnostics.
